We introduce a new approach of materials design for terahertz magnonics making use of quantum confinement of terahertz magnons in layered ferromagnets. We show that in atomically designed multilayers composed of alternating atomic layers of ferromagnetic metals one can efficiently excite different magnon modes associated with the quantum confinement in the third dimension, i.e., the direction perpendicular to the layers. We demonstrate experimentally that the magnonic band structure of these systems can be tuned by changing the material combination and the number of atomic layers. We realize the idea of opening band gaps, with a size of up to several tens of millielectronvolts, between different terahertz magnon bands and thereby report on the first step toward the realization of atomic-scale magnonic crystals.
In solid-state physics a main idea is to utilize the elementary magnetic excitations, magnons, for information processing [1] [2] [3] . The realization of this idea would allow energy efficient information processing without Ohmic losses [4] . The magnon spectrum covers a wide range of frequencies from gigahertz up to several terahertz. It has been shown that the dispersion relation of gigahertz magnons in structures with periodically modulated magnetic properties exhibits additional branches [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The magnonic band structure of such artificially designed structures, called magnonic crystals, exhibits bands of allowed magnon states as well as forbidden gaps, similar to photonic crystals [17] . The concept of magnonic crystals is an important concept in magnonics and spintronics. Since these structures permit the propagation of magnon modes required for specific operations, they serve as platforms for logic devices [8, 16] . However, so far only device operations in the gigahertz regime have been demonstrated [16] .
Another interesting part of the magnon spectrum is the part describing terahertz magnons. These magnons are ultrafast and allow device operations in terahertz frequencies. Unfortunately, the approach mentioned above cannot be used for designing a magnonic crystal capable of operation in such high frequencies. This is due to the fact that for increasing the operation frequency from gigahertz to terahertz one needs to make the structures smaller and smaller. At the same time the type of magnetic interaction, determining the magnon energies, changes while going from large to small length scales. Hence, for designing such structures the relevant properties to modulate are either the short-range magnetic exchange interaction or the atomic spins. Moreover, such modulations should be realized on atomic scales (ultimately on neighboring atoms), which are not practically feasible [18] .
In this Letter, we propose an inherently different design strategy, making use of quantum confinement of terahertz magnons in layered structures composed of a few atomic layers. We design synthetic multilayers of 3-5 atomic layers made of two different ferromagnetic materials (Fe and Co). We efficiently excite and detect different terahertz magnon modes associated with quantum confinement in the direction perpendicular to the layers. By tuning interatomic exchange parameters, we experimentally realize the engineering of terahertz magnon band structures and opening band gaps up to tens of millielectronvolts between different magnonic bands. Our results provide a new design strategy toward magnonic crystals on atomic length scales and, for the first time, bring the concept of utilizing terahertz quantum confined magnons for application in magnonics into discussion.
Generally, an atomic layer of an elemental ferromagnet shall exhibit a single semiparabolic magnon band, which in the absence of relativistic effects and external magnetic field satisfies the Goldstone theorem [20] . This magnon band is confined in the layer. Now, if one increases the number of atomic layers, one would observe the appearance of additional magnon modes and the magnonic band structure develops to a multiband system. The presence of additional magnon modes is a consequence of quantum confinement in the direction perpendicular to the layers. In a multilayer composed of N atomic layers N magnon modes with quantization numbers n ¼ 0; 1; …, N − 1 are expected to form with continuous momentum in the film plane. Only the lowest energy mode (n ¼ 0 mode) is referred to as the acoustic mode and satisfies the Goldstone theorem. The higher energy modes are the quantum confined magnon modes (sometimes referred to as optical magnons) and have a nonzero energy at the Brillouin zone center. The position and the shape of the magnon bands depend on the strength and the sign of the interatomic exchange parameters which can be tuned by changing the interatomic distances [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . The interatomic distances can be changed by epitaxial growth of the layers on different substrates [32] . Note that although the higher energy magnon modes are the quantum confined magnons, they possess an in-plane momentum and a characteristic dispersion relation and therefore propagate in the film. Experimentally, the dispersion relation of quantized magnon modes in an ultrathin ferromagnetic film composed of a few atomic layers can be probed by spin-polarized highresolution electron energy loss spectroscopy, as has been shown recently [34] .
In order to experimentally realize a multimagnon band system with a band gap in the optical magnon region i.e., an "optical magnon band gap" (OMBG), an ultrathin Co film with a thickness of three atomic layers was grown on Irð001Þ − 1 × 5. The magnon spectrum was probed by spin-polarized high-resolution electron energy loss spectroscopy with the particular attention to the n ¼ 1 and n ¼ 2 magnon modes (see Supplemental Material, Sec. I [33] for materials and methods). The results of our analysis are shown as open circles in Fig. 1 (a) together with the calculated magnonic band structure, based on first principles, indicating an OMBG of about 80 meV in the energy range of 260-340 meV [32] . The importance of the gap opening, in general, is as follows. If such a system is exposed to a continuous spectrum of terahertz magnonic waves, in the regions of allowed states magnons can be transmitted and be used for further processing. In the regions of the band gaps, however, no magnon transmission takes place. The system would therefore act as a terahertz magnonic platform allowing the propagation of certain terahertz magnons. Similarly, when the system is exposed to a continuous spectrum of an electromagnetic wave, it would act as a terahertz filter or sensor (no absorption occurs by magnons in the frequency regions where the band gaps are located). The position and the width of the band gap would define the functionality of such a filter or sensor.
Our next aim is to open a gap between the n ¼ 0 and n ¼ 1 magnon bands, i.e., an "acoustic-optical magnon band gap" (AOMBG). The importance of an AOMBG is twofold. First, it would allow us to take advantage of acoustic magnons. These magnons possess longer lifetimes, are ultrafast, and can propagate on nanometer length scales within a few tens of femtoseconds. They would push the limit of operation speeds and length scales to ultimate values. Second, the physics of an AOMBG opening is of great fundamental interest in the context of topological magnon states in multiband magnon systems as well as in 2D magnets. This would allow for a fundamental understanding of the origin of the gap opening in such complex systems [35] . As it is apparent from Fig. 1 (a) a simple scaling of the n ¼ 0 and n ¼ 1 bands would not lead to an AOMBG. Therefore, one first needs to know how the bands are formed and where the main contribution to the magnonic band structure comes from. In the viewpoint of spatial localization each magnon mode is mainly localized in a part of the multilayer structure. In the language of classical dynamics the dynamical parts of the spins located in different layers have different contributions to each magnon mode. To reveal the spatial localization of magnons (or the contribution of each atomic layer to a specific magnon mode) one needs to calculate, based on first principles, the so-called Bloch spectral function (BSF) of magnons. The projected BSF onto each layer would reveal the contribution of that specific layer to the magnon mode. This means if a magnon mode is mainly localized at one specific layer, the projected BSF of this mode onto this The results indicate that the main contribution to the n ¼ 2 magnon band is coming from the spins located in the middle Co atomic layer, while the main contribution to the n ¼ 0 and n ¼ 1 magnon modes is coming from the spins located in the interface and surface layers, respectively. The interlayer distances used for ab initio calculations are given in angstroms.
PHYSICAL REVIEW LETTERS 123, 257202 (2019) 257202-2 layer should be the largest. BSF is analogous to the spectral function of the Bloch electrons in solids. The integral of BSF over q shall provide the density of magnonic states. If one calculates the projection of the magnonic density of states (DOS) onto different layers, one would be able to map the spatial localization of the magnons.
Generally, if the surface and interface layers are identical, the n ¼ 0 and n ¼ 1 modes will be equally distributed in these two layers. However, the presence of the substrate breaks the symmetry and leads to the fact that the exchange parameters in these two layers are different. This fact results in differences in the layer-resolved BSF. The calculated BSF for three atomic layers of Co grown on Irð001Þ − 1 × 5 is presented in Fig. 1. Figure 1(a) represents the projected BSF onto all three layers. The magnon DOS, calculated by integrating BSF along this symmetry direction (Γ-X), is also presented. Since in this case all atomic layers are considered, we call this quantity the "total magnon DOS." Figures 1(b)-1(d) show the projected BSF onto the first, second, and third atomic layer, respectively. Likewise, we present the projected magnon DOS on each atomic layer, next to the projected BSF. In this case the magnon DOS can be called "layer-resolved magnon DOS" (LRDOS). For all magnon bands, the perpendicular component of the wave vector is quantized and is given by q ⊥ ¼ nπ=N. While projecting BSF onto the top or bottom atomic layer [see, e.g., Figs. 1(b) and 1(d)] one observes that the degree of localization changes while moving from the zone center toward the zone boundary. The n ¼ 0 magnon band becomes more localized in the layer in which the exchange parameters are smaller (the interface layer). The n ¼ 1 magnon band has a tendency to be mainly localized in the surface layer. The larger the difference in the exchange constants, the more dramatic the spatial localization of magnons. The n ¼ 2 magnon mode is mainly localized in the middle layer, since this layer is strongly coupled to the top and bottom layer. Hence, the spectral function of this mode has the largest weight when it is projected onto this layer [see Fig. 1(c) ]. The same conclusion can be drawn when looking at the LRDOS of magnons. The magnon LRDOS of the interface atomic layer covers mainly the bottom part of the energy spectrum, i.e., the part where the n ¼ 0 magnon mode exists. The magnon LRDOS of the surface and middle layer covers the middle and the top part of the energy spectrum, respectively, where the n ¼ 1 and n ¼ 2 modes are lying. The conclusion of this analysis is that if the aim is to change the n ¼ 0 mode, one should mainly modify the interface layer [63] .
In order to open an AOMBG one should reduce the energy of the n ¼ 0 mode (by modifying the corresponding atomic layer), keeping the n ¼ 1 mode unchanged. However, as mentioned above, a simple scaling of the n ¼ 0 band would not lead to any gap opening. Now, the key idea is to take advantage of competing exchange interactions between nearest and next nearest neighbor spins. This means one should modify the interface layer (the layer which is mainly responsible for this mode) in a specific way. The best way would be to replace this layer with another ferromagnetic layer. The material of choice for the first atomic layer should fulfill three criteria. First of all, the intralayer exchange parameters in the interface layer shall be weak. Second, the next nearest neighbor exchange parameter shall be smaller than the nearest neighbor one. If the next nearest neighbor exchange parameter is negative it is an advantage, because it would reduce the magnon energies near the zone boundary. Finally, the interlayer exchange interaction should be large enough to push the bottom of the n ¼ 1 magnon band to higher energies. While the first two criteria can be fulfilled by taking advantage of the interfacial electronic hybridization of an atomic layer of a ferromagnet with a metallic substrate, the final criterion may be fulfilled by tuning the interlayer spacing and taking advantage of tetragonal distortion [32] .
For the experimental realization of this idea we systematically design multilayers composed of alternating layers of Fe and Co grown on different substrates, in order to be able to control the magnonic band structure via lattice strain and tetragonal distortion [32] . In Figs. 2(a)-2(c) the difference spectra measured along the high symmetryΓ-M direction for three different multilayer systems, i.e., 3Co=2Fe=Rhð001Þ, 3Co=1Fe=Rhð001Þ, and 2Co=1Fe=Irð001Þ − 1 × 5 are presented. The energies of both n ¼ 0 (indicated by the black marker) and n ¼ 1 (indicated by the red marker) magnon modes increase with increasing q k . In the case of 3Co=2Fe=Rhð001Þ and 3Co=1Fe=Rhð001Þ the energy of the n ¼ 0 magnon mode exceeds the one of the n ¼ 1 magnon mode near the zone center [ℏωðq k ¼ 0Þ] and goes even beyond that. The positions of the maximum energy of the n ¼ 0 mode and the minimum energy of the n ¼ 1 magnon mode are marked by gray and orange dashed lines, respectively. In the case of 2Co=1Fe=Irð001Þ − 1 × 5 one clearly observes that the energy of the n ¼ 0 magnon mode never reaches the one of the n ¼ 1 magnon mode. The magnon band structure of this system is presented in Fig. 2(d) . The experimental data are shown by the open symbols. The system is modeled by a Heisenberg model and the results are presented in Fig. 2(d) together with the experimental data (see [33] , Sec. I, for materials and methods). The contour plot shows BSF calculated based on this model. The spectral function is projected onto all three atomic layers. One clearly observes an AOMBG of about 25 meV. This is the first realization of the atomic-scale magnonic crystals with an AOMBG [64] .
We have examined various synthetic multilayers composed of different layers and with different sequences of atomic layers. The results are summarized in Fig. 3 . We define the AOMBG as the energy difference between the bottom of the n ¼ 1 band (at theΓ point) and the top of the n ¼ 0 band, i.e., AOMBG ¼ ℏω n¼1
max . In addition, we also show the values of OMBG, defined as the energy difference between the bottom of the n ¼ N − 1 band and the top of the n ¼ N − 2 band i.e., OMBG ¼ ℏω n¼N−1 min − ℏω n¼N−2 X orM . These quantities are plotted in Fig. 3 for different synthetic multilayers. 3Co=1Fe= Rhð001Þ shows a very small negative AOMBG, similar to 3Co=1Fe=Irð001Þ − 1 × 5. If one reduces the thickness of Co films from 3 to 2.5 monolayers an AOMBG opens up. Further decreasing the thickness of Co films leads to the formation of a rather complex magnetic ground state for this system. This is owed to the fact that the pattern of the exchange parameters in this system is rather complex [22] .
Based on our discovery, we propose a similar design strategy for designing magnonic crystals suitable for operations at subterahertz. Basically, in such a case the atomic layers can be replaced by thin magnetic films. In addition, one may replace the direct Heisenberg exchange with the indirect exchange, known as Ruderman-Kittel-Kasuya-Yosida interaction [65] [66] [67] . We suggest that such an idea can be realized by introducing a nonmagnetic spacer layer between the ferromagnetic films. Such multilayer structures shall exhibit magnon energies on the order of subterahertz. If the idea is to construct a three dimensional magnonic structure, the multilayer may be patterned in any desired periodic form, similar to the study performed in Ref. [68] .
In summary, we report the first experimental realization of atomic-scale magnonic crystals, capable of operation in the terahertz frequency regime. We demonstrate that in atomically designed ferromagnetic layered structures one can excite multiple magnon modes and, more importantly, open band gaps in different parts of the magnonic band structure. We discuss the key idea behind this band gap opening, being the quantum engineering of the interatomic exchange interaction at the desired part of the structure. We anticipate that our results will be useful for the design of platforms for terahertz magnonics, terahertz sensors, and terahertz electromagnetic filters. Moreover, the physics of magnonic band structure and the origin of OMBG and AOMBG would be of great interest in the context of topological magnons and 2D magnets [35] . 
